Aims: The objective of this study was to generate strain-specific genomic patterns of a bank of 67 commercial and reference probiotic strains, with a focus on probiotic lactobacilli. Methods and Results: Pulsed-field gel electrophoresis (PFGE) was used as the primary method for strain differentiation. This method was compared with carbohydrate fermentation analysis. To supplement visual comparison, PFGE patterns were analysed quantitatively by cluster analysis using unweighted pair group method with arithmetic averages. SmaI, NotI and XbaI were found to effectively generate clear and easy-to-interpret PFGE patterns of a range of probiotic strains. Some probiotic strains from different sources shared highly similar PFGE patterns. Conclusions: Results document the value of genotypic strain identification methods, combined with phenotypic methods, for determining probiotic strain identity and relatedness. No correlation was found between relatedness determined by carbohydrate fermentation profiles alone compared with PFGE analysis alone. Some commercial strains are probably derived from similar sources. Significance and Impact of the Study: This approach is valuable to the probiotic industry to develop commercial strain identification patterns, to provide quality control of strain manufacturing production runs, to track use of protected strains and to determine the relatedness among different research and commercial probiotic strains.
INTRODUCTION
The increasing application of probiotics in food products and dietary supplements underscores the need to properly identify these beneficial bacteria. Probiotics are live micro organisms which when administered in adequate amounts confer health benefits to the host (FAO/WHO 2001; ftp.fao.org/es/ESN/food/foodandfood_probio_en.stm). Probiotic activities, which confer human health benefits (such as modulating immune system function, reducing host colonization by pathogens and enhancing lactose digestion in lactose maldigesters), have been reviewed (Schiffrin and Blum 2001; Marteau et al. 2002) . Previous studies have indicated that certain probiotic activities are strain-specific (Lee et al. 1993; Gupta et al. 1996; Jacobsen et al. 1999 ) and thus, identification of probiotics to the strain level is necessary. This conclusion is supported by FAO/WHO guidelines (http://www.fao.org/es/ESN/food/foodandfood_ probio_en.stm) for the use of probiotics in food which stipulate that commercial probiotics be identified to the strain level. Further, the ability to identify specific probiotic strains provides manufacturers a useful quality control Ò tool and enables strains fed as probiotics to be tracked for efficacy and safety purposes. Strain identification also aids in surveillance and epidemiological studies (Rautio et al. 1999) .
Current strain-specific techniques used for probiotics comprise multiple DNA-based methods such as pulsed-field gel electrophoresis (PFGE), random amplified polymorphic DNA (RAPD) PCR, ribotyping and protein-based methods such as SDS-PAGE. The available literature indicates that for many genera, PFGE is more effective than ribotyping, SDS-PAGE or RAPD-PCR in discriminating between strains (O'Riordan and Fitzgerald 1997) . Based on accumu lating evidence from previous studies, PFGE is considered best for strain identification because of its sensitivity, consistency and accuracy.
The PFGE is a strain-specific DNA typing method that has been used widely for genomic analysis of various micro-organisms. This method has been used to differen tiate members of different genera including Lactococcus (Tanskanen et al. 1990) , Clostridia (Hielm et al. 1998) , and Streptomyces (Leblond et al. 1990) , and is considered to be a discriminating and reproducible method to differentiate strains of intestinal bacteria (O'Sullivan 1999) . PFGE has been used in strain-typing of lactobacilli and bifido bacteria. Bourget et al. (1993) used this technique to compare the genomic restriction patterns of five Bifido bacterium breve strains. It has also been used for strain differentiation and chromosome size estimation in Lacto bacillus acidophilus (Roussel et al. 1993; Sanders et al. 1996) , L. plantarum (Daniel 1995) , and other lactic acid bacteria (Tanskanen et al. 1990 ). In our previous study (Yeung et al. 2002) , we applied partial 16S rDNA sequencing, carbohydrate fermentation and fatty acid methyl ester (FAME) analyses to determine the species identification of some commercial probiotic strains. In the present study, we continue this line of research by obtaining strain-specific identification of these commercial probiotic strains using PFGE. In addition, strain related ness apparent from PFGE fingerprints were evalu ated by comparing with carbohydrate fermentation profiles as indicators of phenotypic relatedness of tested strains.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The bacterial strains used in this study along with their sources are listed in Table 1 . All Lactobacillus and Bifido bacterium strains were grown in MRS (Difco Laboratories, Sparks, MD, USA) or deMan, Rogosa and Sharpe (MRS) supplemented with 0AE05% L L-cysteine-HCl (Fisher Scientific, Pittsburgh, PA, USA) agars, respectively. All plates inocu lated with cells were incubated anaerobically in GasPak System with BBL Ò GasPak Plus TM disposable H 2 and CO 2 generator envelopes (BD Diagnostic Systems, Sparks, MD, USA). Upon receipt of the bacterial strains, frozen stocks (with the addition of glycerol, 10% final concentration) were immediately prepared from late log-phase cultures and kept at )80°C. Prior to every experiment, strains from the frozen stock were subcultured at least once in the appropriate medium. Bacterial cultures from probiotic-containing food products were isolated by streaking the product directly on MRS (for lactobacilli) or MRS supplemented with 0AE05% L L-cysteine-HCl (for bifidobacteria) agar and incubated anaerobically for 48 h at 37°C for single strain isolation. Gram stain was carried out on selected colonies to determine the Gram reaction and morphologies. Once purified, frozen stocks were prepared as described above. Species identifica tion used throughout the text was determined in our previous study by partial 16S rDNA sequencing or carbo hydrate fermentation analysis (Yeung et al. 2002) .
DNA extraction
The in situ preparation of chromosomal DNA for PFGE was modified from the method of Tanskanen et al. (1990) . An aliquot of overnight culture was transferred to fresh MRS or MRS and 0AE05% L L-cysteine-HCl broth and grown at 37°C for 12-16 h. Chloramphenicol was added to a final )1 concentration of 100 lg ml and the incubation was continued for 1 h. Cells from 1AE5 to 3AE0 ml samples of the culture were harvested by centrifugation for 30 s in a microcentrifuge at 11 000 g and washed with 1 ml of cell )1 wash buffer (1 M M NaCl, 10 mmol l Tris-HCl, pH 7AE6). The cell pellets were resuspended in 300 ll of the same buffer, warmed to 55°C and mixed with 300 ll of 2% (w/v) pulsed-field gel agarose (Sigma, St Louis, MO, USA) in cell wash buffer. The suspension was poured into a CHEF plug mould (Bio-Rad Inc., Hercules, CA, USA) and was allowed to solidify at room temperature for 15-20 min. Cells in the agarose blocks were lysed in situ with )1 )1 10 ml of lysis buffer (6 mmol l Tris-HCl, 1 mol l )1 )1
NaCl, 100 mmol l EDTA, 1 mg ml lysozyme, pH 8AE0) and 400 U mutanolysin solution (Sigma) at 37°C for 24 h. The reagents were drained and 10 ml of proteinase K 10 ml of 1 mmol l phenylmethylsulphonyl fluoride in 1X
)1 )1 TE (10 mmol l Tris-HCl, pH 8AE0, 1 mmol l sodium EDTA) at 25°C. The blocks were washed three times with 10 ml of 1X TE for at least 2 h each at 25°C, and stored at 4°C in storage solution [0AE5 mol l )1 sodium EDTA, pH 8AE0, 1% (w/v) sarkosyl]. Table 1 Bacterial strains used in this study. The species identification used throughout this text is based on a previous study (Yeung et al. 2002) . Discrepancies between species identification and designation by product or supplier have been discussed previously 
Restriction digestion
The agarose blocks were washed three times for at least 2 h each with 1X TE prior to restriction digestion. They were incubated for 24 h at 25°C with 10 U of SmaI in a 250 ll solution consisting of the enzyme buffer and bovine serum albumin (Promega Corp., Madison, WI, USA) following manufacturer's recommendations for concentrations of each reagent. Digestion with other endonucleases was carried out in a similar manner, using buffers and temperatures recommended by the supplier.
Pulsed-field gel electrophoresis
Separation of DNA fragments was performed in a CHEF DRIII electrophoresis cell (Bio-Rad). Agarose gels were prepared using 1AE2% pulsed-field running gel agarose boric acid, 1 mmol l EDTA, pH 8AE0). Electrophoresis was performed at 8°C for 17 h at 6 V cm )1 at 120° included angle with switching times of 1-20 s. These running conditions were optimized for the separation of DNA fragments of 40-200 kb. SmaI-digested DNA of L. gasseri ATCC 33323 was used as a standard. For each run, the standard was placed in the first, middle and last lane to allow alignment of the gel in the subsequent analysis of gel images. The standard was chosen based on: (i) good DNA quality, which would lead to discrete bands on the gel; (ii) sufficient amount of DNA, which would make the bands visible; and (iii) fairly even distribution of the bands on the gel. Gels were stained with ethidium bromide and photographed on a UV transilluminator.
Data analysis
Gel images were digitized with Gel Doc 1000 and Molecular Analyst Software version 1.4 (Bio-Rad). Nor malization of densitometric traces with background sub traction and conversion were carried out with GelCompar version 4.2 (Applied Maths BVBA, Sint-Martens-Latem, Belgium). Clustering of strains was calculated using the unweighted pair group method with arithmetic averages (UPGMA).
RESULTS
Selection of restriction enzymes
The restriction enzyme, SmaI, was employed initially to digest DNA from 59 probiotic and research Lactobacillus and Bifidobacterium strains (Fig. 1) . This enzyme, with the recognition sequence CCC/GGG, produced suitable PFGE patterns for most of the lactobacilli tested. However, for some probiotics such as L. paracasei and Bifidobacterium species that have greater frequencies of guanine and cytosine in their genome, SmaI cut the genomic DNA more extensively and the resulting patterns are difficult to visually evaluate. Consequently, several alternative restriction enzymes including XbaI, Pst, EcoRV, Xho, NotI and SfiI were tested. It was not possible to identify one restriction enzyme that was effective for all probiotic strains. Overall, we found that SmaI, NotI and XbaI could effectively generate clear and easy-to-interpret PFGE patterns of a range of probiotic strains.
Evaluation of PFGE patterns
Direct, visual comparisons of PFGE patterns revealed that many strains shared similar or identical patterns. Most of these strains fall into one of the following categories: (i) they were isolated from the same product (e.g. L. delbruecikk subsp. bulgaricus DPTC 020 and DPTC 021); (ii) they were isolated from different products belonging to the same company (e.g. L. paracasei DPTC 031, DPTC 32 and DPTC 036); (iii) they were provided by the same supplier, although some identical strains were given different strain designations (e.g. L. rhamnosus DPTC 043 and DPTC 044, L. crispatus DPTC 011 and DPTC 015); or (iv) they were obtained from different sources (e.g. L. acidophilus DPTC 005, DTPC 006 and ATCC 700396). In addition, evaluation of the PFGE patterns also suggests that the four L. reuteri strains produced distinctly different patterns. It is worth noting that, with the exception of ATCC 4356 and ATCC 700396, all reference (ATCC) strains showed distinct patterns compared with the commercial strains of the same species. This suggests that most commercial probiotic strains are markedly different from the reference strains.
Cluster analysis
Clustering of 59 probiotic strains cut with SmaI using UPGMA yielded three major groups of >50% similarity (Fig. 1) . The first group, with a similarity of 64AE8 ± 4AE6%, was composed mostly of L. delbrueckii subsp. bulgaricus (49-51 G + C mol%; Kandler and Weiss 1986) and Bifidobacterium strains (55-67 G + C mol%, Schleifer and Ludwig 1995) . Group 2, with a similarity of 68AE2 ± 10AE2%, contained mostly L. reuteri (40-42 G + C mol%), L. paracasei (45-47 G + C mol%) and L. rhamnosus (45-47 G + C mol%), with a few Bifidobacterium strains. Group 3, with a similarity of 52 ± 11AE1%, contained one L. paracasei strain and species from the L. acidophilus group, which comprises L. acidophilus (32-37 G + C mol%), L. crispatus (35-38 G + C mol%), L. gasseri (33-35 G + C mol%), L. johnsonii and L. gallinarum. Cluster ing using the alternative Ward linkage method gave slightly different groupings (data not shown). Three major clusters were still identified, but at higher similarity levels. The main discrepancy between the Ward and the UPGMA methods was that L. johnsonii ATCC 33200 was placed in group 1 with the Ward method, instead of group 3 with the UPGMA method. Among the three groups, SmaI-PFGE patterns of group 3 are the most distinct. The quantitative cluster analysis is largely consistent with the qualitative direct, visual evalu ation. For instance, L. crispatus DPTC 010, DPTC 011, DPTC 012, DPTC 013, DPTC 014, DPTC 015 and DPTC 048 shared highly similar PFGE patterns upon direct, visual comparison. They also grouped together in the cluster analysis. Similarly, L. gasseri DPTC 025 and DPTC 049, which shared identical PFGE patterns, also clustered together. A notable exception is L. acidophilus DPTC 006, which had a similar pattern to L. acidophilus DTPC 007, ATCC 4356 and ATCC 700396 upon qualitative evaluation. These strains, however, did not cluster closely and had only 52% similarity. The low similarity score suggests that actual and substantial differences exist among these strains -as discussed below, these strains have different carbohydrate fermentation patterns. Alternatively, the low similarity score could also be the result of the strong band intensities of DPTC 006 that made the cluster analysis less accurate (the bands were discrete when seen on gel, but appeared to smear in print).
In contrast to the results of Ferrero et al. (1996) , L. rhamnosus and L. paracasei could not be differentiated using SmaI. More distinct PFGE patterns for L. paracasei, L. rhamnosus and L. reuteri were generated using NotI (Fig. 2) . On the basis of visual judgment, DPTC 033 and DPTC 030 had highly similar patterns, whereas DPTC 036, DPTC 031 and DPTC 032 shared identical patterns. Cluster analysis based on PFGE patterns confirmed the close relationship of each group. The similarity score of each group was >97%.
Similar analysis was also performed on Bifidiobacterium strains that were cut with XbaI (Fig. 3) . Fourteen XbaI digested Bifidobacterium strains were divided into five clusters at similarity levels of >60%. With the exception of the strains in the B. lactis cluster (DPTC 002, DPTC 003 and DPTC 047), all strains showed rather dissimilar PFGE patterns, implying that the strains were distinctly different. 
Comparison between PFGE and phenotypic analysis
As phenotypic expression of genes is more important to probiotic efficacy than DNA content, it is of interest to compare phenotypic with genotypic profiles. Strains used in this study had been previously characterized by carbohydrate fermentation analysis (Yeung et al. 2002) . No correlation was found following comparison between the PFGE patterns determined in this study with the distinctly different carbohydrate fermentation profiles. For example, PFGE patterns of L. acidophilus ATCC 4356 and DPTC 007 showed ca 90% similarity by cluster analysis. This lower similarity score was consistent with their nonidentical carbohydrate fermentation profiles, in which ATCC 4356 did not ferment arbutine. Lactobacillus acidophilus DPTC 005, DPTC 006 and ATCC 700396 did not cluster closely with PFGE-generated data. Their phenotypic differences were apparent: ATCC 700396 fermented D D-mannose while the other two did not; DPTC 005 fermented amygdaline and b-gentiobiose while the other two did not; and DPTC 006 did not ferment similarity score in the cluster analysis) demonstrated cellobiose while the other two did. (Yeung et al. 2002) . This strain shared a highly similar PFGE pattern with L. gasseri DPTC 025 and thus is likely to be L. gasseri.
DISCUSSION
The ability to accurately differentiate among different strains of probiotic bacteria is important in the commer cial application of probiotics. The strain-specific nature of functionality of different probiotic strains is suggested by the range of results generated on different strains in vitro (Lee et al. 1993; Gupta et al. 1996; Jacobsen et al. 1999) , although few direct comparisons of strains for health effects have been conducted in humans. For this reason, it is important that probiotic products reveal the identity of specific strains on the labels. This practice would not only enable professionals to better evaluate the research base for substantiating a specific product's efficacy, but would also give emphasis to the importance of strain-specificity of health effects to consumers. Being able to conclusively identify strains in commercial probiotic products can be important if a product is suspected of contributing to an adverse incident in a consumer (Borriello et al. 2003) . Finally, from the point of view of product manufacturers, using strain-specific patterns to verify phenotypic and genotypic consistency among production runs is a useful quality control technique. For these reasons it is critical that techniques such as PFGE become mainstream in the probiotic product industry.
The PFGE is a molecular strain-typing method that can be used in the identification of different strains within a species. Hence this method is useful in taxonomic grouping and epidemiological studies. PFGE not only plays an important role in foodborne outbreak investigations (http:// www.cdc.gov/pulsenet), it also has become integral in studying probiotic strain relatedness (Klein et al. 1998; Mitterdorfer et al. 2002) . To illustrate, PFGE has been used to complement and confirm other strain-typing methods and to study the dynamics of indigenous lactic acid bacteria and bifidobacteria in human feeding studies (McCartney et al. 1996; Kimura et al. 1997) . Results from previous studies support the notion that PFGE is a powerful strain-typing method because of its superior discriminatory power over other methods (Kimura et al. 1997; O'Riordan and Fitz gerald 1997; FAO/WHO 2002, ftp. fao.org/es/ESN/food/ foodandfood_probio_en.stm). However, the disadvantages of this method include its time-consuming nature (7-9 days) and the need to predetermine restriction enzymes which provide suitable fragment patterns.
In most cases, direct, visual evaluation of PFGE patterns among strains within the same species provides sufficient information for strain differentiation purposes. More recently, statistical methods have been developed to analyse the genotypic ÔfingerprintsÕ that include PFGE patterns. For example, cluster analysis on patterns generated from RAPD PCR and/or PFGE has been applied to probiotic lactobacilli (Roy et al. 2000) and Saccharomyces spp. (Mitterdorfer et al. 2002) . Results from cluster analysis provide a quantitative measure that can be used to establish relatedness of a large number of strains. However, it is important to realize that PFGE is considered to be a strain-not a species-typing technique. To illustrate, taxonomically, L. delbrueckii subsp. bulgaricus strains are relatively distinct from the Bifidobac tium species, yet they share relatively similar PFGE patterns following SmaI digestion, and are clustered together in Fig. 1 . In this study, the aim of the cluster analysis is to provide an overview on the relatedness and grouping among various strains. To definitively determine the species taxonomy, and/or to construct phylogeny relationships, it is more appropriate to apply techniques such as 16S rDNA sequencing.
Our results confirm that important differences existed between genotype and phenotype. Thus, as suggested by Vandamme et al. (1996) , a polyphasic approach, in which a combination of genotypic and phenotypic analyses are employed, is required to ultimately delineate bacterial taxonomy. Although it is understandable that no single method alone can provide the complete picture of a strain's identity, PFGE is still a useful strain-typing technique as it is discriminatory, and unlike carbohydrate fermentation and FAME analyses, the resulting patterns are not significantly affected by experimental conditions such as incubation temperature and/or incubation time.
In conclusion, PFGE and cluster analysis of a library of commercial and research strains allowed for clear strain identification and showed several levels of relatedness among the strains tested. This approach is valuable to the probiotic industry in developing commercial strain identification patterns, providing quality control of strain manufacturing production runs, tracking use of protected strains and determining the relatedness among different research and commercial probiotic strains.
